Upon host cell contact, the protozoan parasite Trypanosoma cruzi triggers cytosolic Ca 2+ transients that induce exocytosis of lysosomes, a process required for cell invasion. However, the exact mechanism by which lysosomal exocytosis mediates T. cruzi internalization remains unclear. We show that host cell entry by T. cruzi mimics a process of plasma membrane injury and repair that involves Ca 2+ -dependent exocytosis of lysosomes, delivery of acid sphingomyelinase (ASM) to the outer leaflet of the plasma membrane, and a rapid form of endocytosis that internalizes membrane lesions. Host cells incubated with T. cruzi trypomastigotes are transiently wounded, show increased levels of endocytosis, and become more susceptible to infection when injured with pore-forming toxins. Inhibition or depletion of lysosomal ASM, which blocks plasma membrane repair, markedly reduces the susceptibility of host cells to T. cruzi invasion. Notably, extracellular addition of sphingomyelinase stimulates host cell endocytosis, enhances T. cruzi invasion, and restores normal invasion levels in ASM-depleted cells. Ceramide, the product of sphingomyelin hydrolysis, is detected in newly formed parasitophorous vacuoles containing trypomastigotes but not in the few parasite-containing vacuoles formed in ASM-depleted cells. Thus, T. cruzi subverts the ASM-dependent ceramide-enriched endosomes that function in plasma membrane repair to infect host cells.
Trypanosoma cruzi, the intracellular protozoan which causes the seriously debilitating Chagas' disease in Latin America, must invade cells to replicate within its vertebrate host. To gain access to the intracellular environment, several bacterial and protozoan pathogens rely on host cell actin polymerization, infecting mostly phagocytic cells (i.e., Leishmania; Moulder, 1985) or inducing macropinocytosis (i.e., Salmonella; Falkow et al., 1992) . In contrast, the infective trypomastigote forms of T. cruzi invade a large number of different cell types by forming membrane-bound intracellular vacuoles independently of host cell actin rearrangements (Nogueira and Cohn, 1976; Schenkman et al., 1991; Tardieux et al., 1992) . Earlier studies showed that host cell entry by T. cruzi involves the recruitment and fusion of host lysosomes at the parasite invasion site (Tardieux et al., 1992) . Lysosomal markers are gradually detected in the nascent trypomastigote-containing intracellular vacuoles, suggesting that fusion of lysosomes provides the membrane required for parasitophorous vacuole formation (Tardieux et al., 1992) . Subsequent studies demonstrated that trypomastigotes trigger intracellular free Ca 2+ transients in host cells, which are required for lysosomal recruitment and fusion at the invasion site (Tardieux et al., 1994; Burleigh and Andrews, 1995; Rodríguez et al., 1995; Burleigh et al., 1997) .
Studies of the T. cruzi invasion mechanism revealed that conventional lysosomes in mammalian cells can behave as Ca 2+ -regulated exocytic vesicles (Rodríguez et al., 1997) and led to the discovery that lysosomal exocytosis is involved in the mechanism by which eukaryotic cells repair wounds in their plasma membrane (Reddy et al., 2001 ). Initial observations numbers of host cells remained attached to the substrate in the presence or absence of Ca 2+ (unpublished data). The requirement for extracellular Ca 2+ in T. cruzi invasion is consistent with prior studies, which showed that host cell Ca 2+ transients triggered by T. cruzi trypomastigotes are required for infection (Tardieux et al., 1994) and that Ca 2+ signaling within trypomastigotes is also necessary for cell invasion (Moreno et al., 1994) . To further document the involvement of host cell Ca 2+ -dependent signaling events in T. cruzi invasion, we imaged live HeLa cells expressing fluorescently tagged lysosomal-associated membrane protein 1 (Lamp1) and exposed to trypomastigotes in the presence of Ca 2+ . As shown in Fig. 1 B and Video 1, over time the parasites induced massive translocation of the lysosomal membrane glycoprotein Lamp1 to the plasma membrane of host cells. These results show, for the first time in live cells, the Ca 2+ -dependent recruitment and exocytosis of host cell lysosomes that was previously documented in fixed cells (Tardieux et al., 1992) .
Next, we investigated whether the exocytosis of lysosomes occurring during interaction of T. cruzi trypomastigotes with host cells involved cell wounding by the parasites. When HeLa cells were exposed to trypomastigotes in the presence of Ca 2+ no staining was detected with the membraneimpermeable dye propidium iodide (PI), indicating that the plasma membrane remained intact ( Fig. 1 C, left) . However, after exposure to trypomastigotes in the absence of Ca 2+ , a condition which does not allow plasma membrane repair, several cells showed nuclear PI staining ( Fig. 1 C, right) . Given that plasma membrane resealing requires extracellular Ca 2+ and is completed in less than 30 s (Steinhardt et al., 1994; Idone et al., 2008; Tam et al., 2010) , these results suggest that T. cruzi trypomastigotes injure the plasma membrane of host cells but that when Ca 2+ is present these wounds are rapidly resealed.
To compare the extent of host cell wounding (which can only be detected in the absence of Ca 2+ because of the rapid repair) and host cell invasion (which only occurs in the presence of Ca 2+ ), we performed parallel experiments with the same pool of host cells and parasites in the presence or absence of Ca 2+ . There was a close correlation between the percentage of infected cells over time under the repair-permissive conditions (with Ca 2+ ) and the percentage of wounded cells detected under no-repair conditions (without Ca 2+ ; Fig. 1 D) . To determine if the ability to wound host cells was a specific property of the infective trypomastigote stages of T. cruzi, we performed similar assays using epimastigotes, the noninfective insect forms of T. cruzi, which are also flagellated and motile. Under Ca 2+ depletion conditions, a markedly higher level of PI influx was detected in cells incubated with trypomastigotes, when compared with cells incubated for the same period of time with epimastigotes ( Fig. 1 E and Fig. S1 ). This trypomastigote-specific wounding mechanism may be, at least in part, caused by Tc-Tox, the pore-forming protein secreted by T. cruzi trypomastigotes but not epimastigotes (Andrews and Whitlow, 1989; Andrews et al., 1990) . However, secreted established that wounded cells reseal their plasma membrane by a mechanism dependent on the influx of extracellular Ca 2+ (Heilbrunn, 1956; Chambers and Chambers, 1961) . The cellular mechanism responsible for plasma membrane repair began to be elucidated when a functional link was established between plasma membrane resealing and the exocytosis of intracellular vesicles (Bi et al., 1995; Miyake and McNeil, 1995) . Peripheral lysosomes were subsequently identified as the major population of intracellular vesicles that respond to Ca 2+ influx by fusing with the plasma membrane (Rodríguez et al., 1997; Jaiswal et al., 2002) , promoting plasma membrane repair (Reddy et al., 2001) .
Despite these advances, the mechanism by which Ca 2+ -triggered lysosomal exocytosis promoted the repair of lesions on the plasma membrane remained obscure. Reduction in plasma membrane tension after Ca 2+ -triggered exocytosis was proposed to play a role (Togo et al., 1999) , as well as a direct patching of the wound by the Ca 2+ -responsive intracellular vesicles (McNeil et al., 2000) . However, these models failed to explain how stable lesions, such as the ones caused by pore-forming toxins, were also rapidly removed from the plasma membrane in a Ca 2+ -dependent manner (Walev et al., 2001) . Further investigation of this issue revealed that in addition to lysosomal exocytosis, Ca 2+ influx triggers a rapid form of endocytosis that is required for the restoration of plasma membrane integrity (Idone et al., 2008) .
A recent study showed that injury-dependent endocytosis is functionally linked to the secretion of a specific lysosomal enzyme, acid sphingomyelinase (ASM; Tam et al., 2010) . ASM cleaves the phosphorylcholine head group of sphingomyelin, an abundant sphingolipid on the outer leaflet of the plasma membrane (Koval and Pagano, 1991) , generating ceramide (Gulbins and Kolesnick, 2003; Grassmé et al., 2007) . Because ceramide has the property of coalescing in membranes forming domains capable of inward budding (Holopainen et al., 2000; Gulbins and Kolesnick, 2003; van Blitterswijk et al., 2003; Grassmé et al., 2007; Trajkovic et al., 2008) , it was suggested that secretion of lysosomal ASM promotes plasma membrane repair through ceramide-driven internalization of lesions (Tam et al., 2010) . Given the functional similarities between host cell invasion by T. cruzi and the resealing of membrane wounds, we investigated whether this parasite takes advantage of the cellular repair mechanism to gain access to the intracellular environment.
RESULTS

T. cruzi trypomastigotes wound host cells
As a first step in determining whether plasma membrane wounding and repair play a role in host cell invasion by T. cruzi, we performed invasion assays in the presence or absence of Ca 2+ in the extracellular medium. HeLa cells incubated with infective trypomastigotes in the presence of Ca 2+ (repair permissive condition) were readily infected. In contrast, without Ca 2+ (condition nonpermissive for repair) very few invasion events were detected (Fig. 1 A) . This was not a result of host cell loss because during the observation period similar in plasma membrane wounding. In support of this possibility, imaging of the early interaction of trypomastigotes with HeLa cells revealed plasma membrane deformations caused by the active gliding motility of parasites firmly attached to host cells ( Fig. 2 A and Video 2). Intriguingly, trypomastigotes become strongly attached and enter cells through their posterior end (Fig. 2 , B and C), whereas their active flagellar motility propels them in the opposite direction (Hill, 2003) . This unique situation, in which the parasite's motility exerts forces on the plasma membrane which are opposed to their gradual movement into cells, may also be a source of plasma membrane injury.
Host cell injury with a bacterial pore-forming toxin promotes invasion by T. cruzi The findings discussed in the previous section suggested that injury inflicted in host cells by T. cruzi trypomastigotes is only detected in the absence of Ca 2+ because the wounds are rapidly Tc-Tox permeabilizes cell membranes only at acidic pH and was implicated in the escape of trypomastigotes from their parasitophorous vacuole after invasion (Ley et al., 1990) . Thus, it is likely that other factors, such as mechanical forces exerted on host cells by attached trypomastigotes may also play a role The data correspond to the mean of triplicates ± SD. *, P = 0.0149, Student's t test comparing control and 38 ng/ml SLO-treated cells; ***, P < 0.0001, Student's t test comparing control and 50 ng/ml SLO-treated cells. (B) Cells were pretreated for 20 min with increasing concentrations of SLO, washed, further incubated for 20 min, and exposed to trypomastigotes for 20 min followed by fixation and quantification of intracellular parasites. The data correspond to the mean of triplicates ± SD. *, P = 0.0182, Student's t test comparing control and 25 ng/ml SLO-treated cells; ***, P < 0.0006, Student's t test comparing control and 38 ng/ml or 50 ng/ml SLO-treated cells. (C) HeLa cells were treated with the indicated concentrations of the ASM inhibitor desipramine for 1 h, washed and exposed to trypomastigotes for 30 min, fixed, and processed for determination of the number of intracellular parasites. The data correspond to the mean of triplicates ± SD. *, P = 0.0125, Student's t test; **, P = 0.0016, Student's t test comparing control (white bars) and treated (black bars) bars. (D) Cells preincubated with 30 µM desipramine for 1 h were exposed to trypomastigotes for the indicated periods of time, washed, and processed for quantification of intracellular parasites. The data correspond to the mean of triplicates ± SD. **, P < 0.0014, Student's t test; ***, P < 0.0001, Student's t test comparing control (white bars) and treated (black bars) cells. These results are representative of four independent experiments. reduced the susceptibility of host cells to invasion by T. cruzi (Fig. 4 B) . Importantly, trypomastigote entry was restored to control levels by addition of Bacillus cereus sphingomyelinase during the infection period (Fig. 4 C) . These results show that the role of lysosomal ASM in the T. cruzi invasion process can be bypassed by the extracellular addition of sphingomyelinase, suggesting that generation of ceramide in the outer leaflet of the plasma membrane by this enzyme directly promotes parasite entry. repaired in the presence of Ca 2+ . To determine whether wounding followed by repair influenced the cell invasion process, we added the pore-forming bacterial toxin Streptolysin O (SLO) to host cells during their incubation with the parasites. Permeabilization of HeLa cells by SLO was detected through PI influx under no repair conditions (without Ca 2+ ; Fig. S2 A) , whereas T. cruzi trypomastigotes remained intact (Fig. S2 B) . This was expected because trypanosome membranes contain ergosterol but not cholesterol, which is essential for SLO pore formation (Tweten, 2005) . Addition of SLO increased host cell invasion by T. cruzi trypomastigotes in a dose-dependent manner (Fig. 3 A) . At 50 ng/ml SLO (a toxin concentration which allows Ca 2+ -dependent repair of the entire population of permeabilized cells; Idone et al., 2008; Tam et al., 2010) invasion was increased by 60% (Fig. 3 A) . Interestingly, when cells were preincubated with SLO for 20 min before exposure to the parasites, T. cruzi invasion was reduced, also in a toxin dose-dependent manner (Fig. 3 B) . These results suggest that the cellular machinery for plasma membrane wounding and repair is used by T. cruzi during host cell invasion and that host cell factors required for this process are depleted if the wounding and repair steps occur before exposure to the parasites.
Inhibition of lysosomal exocytosis and ASM activity block T. cruzi invasion
Recently, our laboratory demonstrated that bromoenol lactone (BEL; Fensome-Green et al., 2007) strongly inhibits lysosomal exocytosis and plasma membrane resealing after cell wounding (Tam et al., 2010) . Treatment of HeLa cells with BEL also strongly inhibited invasion by T. cruzi trypomastigotes (Fig. S3 , A and B), in agreement with prior studies which demonstrated a critical role for lysosomes in the T. cruzi invasion process (Tardieux et al., 1992; Andrade and Andrews, 2004) . Next, we investigated whether the lysosomal enzyme ASM, which was previously shown to promote plasma membrane repair (Tam et al., 2010) , was also required for T. cruzi invasion. HeLa cells were treated with the ASM inhibitor desipramine (Hurwitz et al., 1994; Kölzer et al., 2004) and analyzed for susceptibility to T. cruzi infection. A strong dose-dependent inhibition of trypomastigote entry was observed after desipramine treatment (Fig. 3 , C and D), suggesting a role for secreted ASM in the T. cruzi invasion mechanism.
The inhibition in T. cruzi invasion observed after transcriptional silencing of ASM is reversed by extracellular addition of sphingomyelinase To directly determine if trypomastigote entry requires ASM, we used small interfering (si) RNA to transcriptionally silence SMPD1, the gene encoding for ASM. A marked reduction in ASM expression was detected in HeLa cells treated with SMPD1 siRNA when compared with cells without lipofectamine or cells treated with control siRNA (Fig. 4 A) . Under similar conditions, ASM activity in HeLa cells is reduced by 85% (Tam et al., 2010) . As observed in desipramine-treated cells (Fig. 3 , C and D), transcriptional silencing of ASM strongly The arrow points to the band corresponding to ASM; the higher additional band is an unspecific reaction. Immunoblot was probed with anti-actin antibodies for loading control. (B) Quantification of trypomastigote invasion in siRNA-treated HeLa cells. After siRNA treatment, cells were incubated with trypomastigotes for the indicated periods, fixed, and processed for quantification of intracellular parasites. The data correspond to the mean of triplicates ± SD. **, P = 0.0073, Student's t test; ***, P < 0.0001, Student's t test comparing control (gray bars) and ASM siRNA-treated cells (black bars). (C) siRNA-treated HeLa cells were incubated with trypomastigotes in the presence or absence of the indicated concentrations of bacterial sphingomyelinase for 30 min, fixed, and processed for quantification of intracellular parasites. The data correspond to the mean of triplicates ± SD. **, P < 0.0014; ***, P = 0.0003, Student's t test comparing control (gray bars) and treated cells (black bars). These results are representative of four independent experiments.
in HeLa cells exposed to T. cruzi trypomastigotes (Fig. 6 C) . Confirming earlier results (Woolsey et al., 2003) , a fraction of recently internalized T. cruzi trypomastigotes was detected within EEA1-enriched parasitophorous vacuoles (Fig. 6 D) . Interestingly, the fraction of recently internalized trypomastigotes observed within parasitophorous vacuoles positive for EEA1 increased proportionally to the amount of exogenously added sphingomyelinase (Fig. 6 E) . These observations support a role for lysosomal ASM, released during Ca 2+ -triggered exocytosis, in generating the EEA1-positive compartments where T. cruzi trypomastigotes reside shortly after entering cells. In agreement with this view, Lamp1-containing lysosomes were consistently observed in the vicinity of EEA1-positive vacuoles containing recently internalized parasites (Fig. 6 F) .
ASM secretion promotes T. cruzi internalization through ceramide-enriched compartments
Collectively with the earlier demonstration that exocytosis of lysosomal ASM promotes plasma membrane repair (Tam et al., 2010) , the results described in the previous section support the hypothesis that T. cruzi subverts the plasma membrane injury and repair pathway for invading host cells. The role of sphingomyelinase in promoting T. cruzi invasion suggests that ceramide generation in the plasma membrane contributes to the formation of the early parasitophorous vacuole in a manner analogous to the internalization of membrane lesions during cell resealing (Idone et al., 2008) . To test this hypothesis, we used anti-ceramide monoclonal antibodies to localize areas of ceramide accumulation in HeLa cells recently infected with T. cruzi. As shown in Fig. 5 , surface staining with this antibody increased markedly after HeLa cells were treated with Bacillus cereus sphingomyelinase, confirming its specificity for ceramide. Isotype control antibodies did not stain HeLa cells or T. cruzi trypomastigotes (Fig. S4, A and B) . Although T. cruzi also contains free ceramide, biochemical analysis showed that trypomastigotes contain lower amounts when compared with the intracellular replicative stages, amastigotes (Bertello et al., 1996) . In agreement with these findings, T. cruzi amastigotes stained strongly with the anti-ceramide monoclonal antibodies (unpublished data), whereas trypomastigotes showed a weak staining, which was further reduced after extraction of the fixed parasites with 0.2% Triton X-100 (Fig. S5 B) . In contrast, anti-ceramide antibodies still strongly reacted with ceramide present in HeLa cells permeabilized with 0.1 or 0.2%
To directly demonstrate the expected increase in ceramide levels promoted by exogenous addition of sphingomyelinase, nonpermeabilized HeLa cells pretreated with different concentrations of sphingomyelinase were incubated with anti-ceramide monoclonal antibodies and imaged (Fig. 5) . The increase in plasma membrane immunofluorescence was proportional to the sphingomyelinase concentration, consistent with a role for newly generated ceramide in restoring T. cruzi invasion in ASM-depleted cells (Fig. 4 C) . The Bacillus cereus sphingomyelinase used for these experiments is fully active at neutral pH, but earlier work demonstrated that extracellularly released lysosomal ASM also has sufficient extracellular activity for triggering plasma membrane repair (Tam et al., 2010) and signaling events that depend on ceramide generation in the outer leaflet of the plasma membrane (Schissel et al., 1998; Zha et al., 1998) . Thus, our results suggest a role for secreted lysosomal ASM in the mechanism by which T. cruzi trypomastigotes invade host cells.
Sphingomyelinase stimulates endocytosis and promotes T. cruzi invasion Exogenously added sphingomyelinase also increased the susceptibility to T. cruzi invasion of untreated HeLa cells in a dose-dependent manner (Fig. 6 A) . Examination of the cells after exposure to sphingomyelinase revealed a marked increase in the number of early endosome antigen 1 (EEA1)-positive endocytic compartments (Fig. 6 B) , similar to what was observed in cells permeabilized by SLO (Idone et al., 2008 ). An increase in EEA1-positive endosomes was also seen membrane. This topology was evident in immunofluorescence images, showing that the protruding parasite portion was surrounded by Lamp1 (delivered through lysosomal fusion with the parasitophorous vacuole) and a plasma membrane marker, YFP-glycosyl phosphatidylinositol (GPI; Fig. 7 C) . Scanning electron micrographs confirmed that the membrane enveloping the long protrusions was continuous with the plasma membrane (Fig. 7, D-F) , and occasional breaches in these electron microscopy preparations revealed the presence of trypomastigotes inside the plasma membrane-derived sleeves (Fig. 7 G) . This phenomenon provided an excellent opportunity to examine recently formed parasitophorous vacuoles for the presence of ceramide, away from the abundant ceramide present in the host cell cytosol. Using laserscanning confocal fluorescence microscopy, parasitophorous Triton X-100 (Fig. S5 A) . Having established conditions to reduce detection of trypomastigote endogenous ceramide, we proceeded to examine the distribution of host cell ceramide in HeLa cells recently infected with T. cruzi. Although ceramide-enriched parasitophorous vacuoles containing T. cruzi trypomastigotes could be detected, the abundant cytoplasmic staining for ceramide in host cells made quantification difficult. Unexpectedly, we observed that the highly motile recently internalized trypomastigotes often caused a marked deformation of the plasma membrane, protruding from the host cell with their anterior end oriented toward the outside (Video 3; Video 4; and Fig. 7, A and B) . Although protruding, trypomastigotes were surrounded by two membranes, one corresponding to the parasitophorous vacuole formed during invasion and another derived from the deformed plasma After infection, cells were incubated with anti-T. cruzi antibodies to stain extracellular parasites, followed by permeabilization and staining with anti-EEA1. The data correspond to the mean of triplicates ± SD. *, P < 0.04, Student's t test; **, P = 0.002, Student's t test, comparing control and treated cells. (F) After 20 min of infection, HeLa cells were fixed, permeabilized and stained with anti-EEA1 (red) and anti-Lamp1 (green) antibodies. DAPI, blue. Arrows indicate intra cellular parasites within EEA1-enriched parasitophorous vacuoles and closely associated with Lamp1-containing lysosomes. Bars, 10 µm. These results are representative of three independent experiments. siRNA. As shown in Fig. 4 , the siRNA treatment conditions we used reduced the ASM content of HeLa cells in 85% and caused a similar inhibition in trypomastigote invasion. The residual parasite invasion still observed in ASM-depleted cells allowed us to compare the levels of staining with anti-ceramide antibodies in cells depleted or not of ASM. After 20 min of infection, 60% of the intracellular trypomastigotes observed in cells treated with control siRNA were detected in ceramideenriched parasitophorous vacuoles, whereas in ASM-depleted cells only 24% of the parasite-containing vacuoles stained with the antibodies. In both groups of cells, treated with control or ASM siRNA, lysosomes were observed in close association with recently internalized parasites (Fig. 9) . Collectively, these results establish a link between T. cruzi-induced plasma membrane injury, Ca 2+ -dependent exocytosis of lysosomes, ASM secretion, and the generation of ceramide-enriched endocytic compartments, which facilitate parasite internalization.
DISCUSSION
The mechanism by which T. cruzi trypomastigotes invade host cells depends on their ability to trigger intracellular free Ca 2+ transients in host cells (Burleigh et al., 1997; Burleigh and Andrews, 1998; Burleigh and Woolsey, 2002; Yoshida and Cortez, 2008) . T. cruzi-induced Ca 2+ signaling triggers the recruitment and fusion of host lysosomes with the plasma membrane at the site of parasite entry, and it triggers parasitophorous vacuole formation (Tardieux et al., 1992 (Tardieux et al., , 1994 . A similar process of Ca 2+ -dependent exocytosis of lysosomes is vacuoles were imaged at various time points after parasite invasion after staining with anti-ceramide monoclonal antibodies. At 15 min after infection, imaging of cells overexpressing fluorescently tagged Lamp1 showed that protruding parasites often appeared to be surrounded by a punctate staining with the anti-ceramide antibodies (Fig. 8 A, arrows) , whereas only a fraction of the parasitophorous vacuoles contained Lamp1 (Fig. 8, B and C) . After increasing periods of infection, ceramide enrichment in the parasitophorous vacuoles decreased, whereas Lamp1 increased (Fig. 8 B) , suggesting a process in which ceramide is gradually metabolized/removed while lysosomes continue to fuse with the parasitophorous vacuole. Lysosomes were frequently detected in close association with the ceramide-enriched parasitophorous vacuoles (Fig. 8 C) , consistent with early lysosomal fusion events being responsible for ASM release, and ceramide generation at the site of parasite invasion.
To directly establish a link between ceramide enrichment in parasitophorous vacuoles and the release of ASM from lysosomes, we imaged cells treated with control or SMPD1 to T. cruzi invasion. Importantly, addition of purified sphingomyelinase restored parasite invasion in cells depleted of ASM, directly linking sphingomyelin hydrolysis and ceramide generation to the T. cruzi entry process. Fourth, ceramide accumulation was detected in recently formed parasitophorous vacuoles, suggesting that this lipid plays an important role in the plasma membrane deformation process that is required to allow the large trypomastigotes (10-15 µm long) to enter host cells. These results significantly expand the previously reported role of lysosomal exocytosis in host cell invasion by T. cruzi (Tardieux et al., 1992; Andrade and Andrews, 2004) by showing that a lysosomal enzyme released extracellularly can promote parasite internalization.
Before this study, T. cruzi-induced membrane damage had only been detected after host cell invasion, during the process of disruption of the parasitophorous vacuole which allows the parasites to escape to replicate in the cytosol (Ley et al., 1990) . Our current results show that the infective trypomastigote forms of T. cruzi, but not the noninfective epimastigotes, can also wound the plasma membrane of host cells. The capacity of trypomastigotes to injure host cells may be a result of the residual activity of Tc-Tox, the acid-active pore-forming protein secreted by the infective stages of T. cruzi (Andrews and Whitlow, 1989; Andrews et al., 1990) , and/or to the active motility of trypomastigotes when attached to host cells (Video 2 and Fig. 2) . observed during the process of plasma membrane injury and repair (Reddy et al., 2001) . Plasma membrane wounding, lysosomal exocytosis, and a rapid form of endocytosis that follows cell injury were all shown to be functionally linked and dependent on secretion of the lysosomal enzyme ASM (Idone et al., 2008; Tam et al., 2010) . These findings led us to hypothesize that membrane damage and extracellular Ca 2+ influx might also represent an early step in the interaction of T. cruzi trypomastigotes with host cells and that the steps of lysosomal exocytosis and endocytosis involved in the plasma membrane repair process are subverted by the parasites for invasion. In this study, we provide several lines of evidence in support of this view. First, host cell wounding was detected in cells exposed to infective trypomastigotes, but not to noninfective epimastigotes, when plasma membrane repair was blocked by removing Ca 2+ from the extracellular medium. Second, injuring host cells with SLO during interaction with trypomastigotes enhanced infection. Third, blocking lysosomal exocytosis or release of the lysosomal enzyme ASM, interventions which inhibit plasma membrane repair (Reddy et al., 2001; Tam et al., 2010) , markedly reduced the susceptibility of host cells inhibited by cholesterol depletion (Fernandes et al., 2007) .
Trypanosomes move unidirectionally, with their anterior end oriented forward (Hill, 2003) . Intriguingly, T. cruzi trypomastigotes attach and invade host cells by their posterior end, where the base of the flagellum is located. This implies that the driving force for parasitophorous vacuole formation must be provided by the host cell, because the parasite is hauled into the intracellular environment despite its own motility, which propels it in the opposite direction. T. cruzi invasion is independent of host cell actin polymerization (Schenkman and Mortara, 1992; Tardieux et al., 1992) but requires intact microtubules (Tardieux et al., 1992) . These findings emphasize a role for the gradual fusion of lysosomes with the parasitophorous vacuole as a mechanism for the strong association of nascent parasitophorous vacuoles with microtubules, resulting in an internalization and intracellular retention process dependent on microtubule motors (Tardieux et al., 1992; Andrade and Andrews, 2004) . The model we propose in this study introduces an important additional element in the T. cruzi invasion mechanism. Our model suggests that secretion of host lysosomal hydrolases, followed by lipid remodeling at the outer leaflet of the plasma membrane, plays a major role in the initial formation of T. cruzi-containing intracellular vacuole. Important steps of this process that still remain to be clarified include the nature of the strong attachment that occurs between the posterior end of trypomastigotes and the host cell surface and how the nascent parasitophorous vacuole pinches off from the plasma membrane.
Unexpectedly, when imaging trypomastigotes shortly after host cell invasion, we observed that their active motility often led them to collide with the plasma membrane and protrude from the cell with their anterior end pointing outwards (Video 4 and Fig. 7 B) . Scanning electron micrographs revealed fully internalized trypomastigotes surrounded by a
We found that interaction with T. cruzi trypomastigotes stimulates formation of EEA1-positive endocytic vesicles in host cells, similar to what is observed in cells exposed to purified sphingomyelinase (Zha et al., 1998; Tam et al., 2010) . ASM cleaves the head group of the abundant plasma membrane lipid sphingomyelin, generating ceramide in the outer leaflet of the plasma membrane (Schissel et al., 1998) . Ceramideenriched membrane microdomains have the property of coalescing and budding inwards (Holopainen et al., 2000; Gulbins and Kolesnick, 2003; van Blitterswijk et al., 2003; Trajkovic et al., 2008) , providing a mechanism for endosome formation (Tam et al., 2010) . EEA1 and ceramide were also found to accumulate in the trypomastigote-containing recently formed parasitophorous vacuoles, strongly suggesting that T. cruzi subverts this ASM-dependent Ca 2+ -triggered endocytic process to form its intracellular compartment. Consistent with this scenario, cells treated with the cholesterolsequestering agent MCD (methyl--cyclodextrin) show a significant reduction in the number of Ca 2+ -dependent endosomes formed after injury and fail to efficiently repair their plasma membrane after wounding. This finding is similar to what is observed for the T. cruzi invasion process, which involves sphingolipid and cholesterol-enriched lipid rafts and is with Bouin solution (71.4% saturated picric acid, 23.8% formaldehyde, and 4.8% acetic acid), stained with Giemsa, and sequentially dehydrated in acetone, followed by a graded series of acetone/xylol (9:1, 7:3, and 3:7) and, finally, xylol. This technique allows microscopic distinction between intracellular parasites, which are seen surrounded by a halo, from attached parasites. The number of intracellular parasites was determined by counting at least 300 cells per coverslip in triplicate in a microscope (E200; Nikon) with a 100× 1.3 N.A. oil immersion objective. For immunofluorescence, coverslips were fixed in 4% paraformaldehyde (PFA) diluted in PBS for 15 min and processed as described in the next section.
Immunofluorescence. PFA-fixed cells were washed with PBS, quenched with 15 mM NH 4 Cl for 15 min, and incubated with PBS containing 2% BSA for 1 h. When processed for an inside/outside immunofluorescence assay (Tardieux et al., 1992) , samples were incubated with rabbit anti-T. cruzi polyclonal antibodies for 1 h, followed by 1 h of anti-rabbit IgG conjugated to Alexa Fluor 594 secondary antibodies, to stain extracellular parasites. Cells were then permeabilized with 0.1% saponin for 30 min and incubated with mouse monoclonal antibodies to EEA1 (BD) for 1 h, followed by anti-mouse Alexa Fluor 488 secondary antibodies. For double labeling of EEA1 and Lamp1, coverslips permeabilized with 0.1% saponin were incubated with rabbit anti-EEA1 monoclonal antibodies and H4A3 anti-human Lamp1 mouse monoclonal antibodies (Developmental Studies Hybridoma Bank) for 1 h, followed by anti-rabbit IgG Alexa Fluor 488 and anti-mouse IgG Alexa Fluor 594. The number of internalized parasites (negative for anti-T. cruzi antibody staining) that were positive or negative for EEA1 staining was determined using an epifluorescence microscope (E200) with a 100× 1.3 N.A. oil immersion objective in at least 300 cells. Images in Fig. 6 are maximum projections of optical sections (0.13 µm Z step) acquired on a confocal system (SPX5; Leica) with a 63× 1.4 N.A. oil objective. Ceramide and Lamp1 double staining was performed by sequential incubation with antibodies after blocking with 2% BSA as described. Samples were then permeabilized with 0.1% saponin for 30 min and incubated with H4A3 anti-human Lamp1 monoclonal antibodies (Developmental Studies Hybridoma Bank) for 1 h followed by anti-mouse IgG Alexa Fluor 488 secondary antibodies. Cells were then permeabilized with 0.2% Triton X-100 for 5 min (a condition which extracts ceramide more efficiently from T. cruzi than from host cells; Fig. S5 ) and incubated with anti-ceramide IgM monoclonal antibodies (clone 15B4; Sigma-Aldrich) or IgM isotope control (Sigma-Aldrich) for 1 h, followed by anti-mouse IgM Alexa Fluor 594 secondary antibodies. After transferring images to Volocity suite (PerkinElmer), the total fluorescence intensity of the channel was divided by the number of cells present in the field to determine the mean fluorescence intensity per cell (Fig. S5) . For the quantification of ceramide-and Lamp1-positive parasites (Figs. 8 and 9 ), Z stacks (0.13 µm Z step between optical sections) of 15 random fields (at least 200 cells) were imaged with a confocal system (SPX5) with a 63× 1.4 N.A. oil objective. Stacks of individual channels (2,048 × 2,048 pixels) were imported to Volocity Suite (PerkinElmer), and parasites were considered ceramide-or Lamp1-positive when staining outlining trypomastigotes could be visualized through several optical sections. To label ceramide present on the outer leaflet of the plasma membrane (Fig. 5) , nonpermeabilized fixed cells were incubated for 1 h with 15B4 anti-ceramide monoclonal antibodies, followed by Alexa Fluor 488-labeled secondary antibodies. Images were acquired using a microscope (E200) with a 40× 0.7 N.A. objective, equipped with a camera (DS-Fi1; Nikon) and Digital Sight. All samples were incubated with 10 µM DAPI (Sigma-Aldrich) for nuclei staining. Secondary antibodies were purchased from Invitrogen. For Lamp1 and GPI double labeling (Fig. 7) , subconfluent cells were transduced using adenovirus encoding Lamp1-RFP and GPI-YFP, as described previously , and imaged using a confocal system (SPX5) with a 63× 1.4 N.A. oil objective.
Drug, enzyme, and toxin treatments. Cells were treated with the indicated concentrations of BEL (Sigma-Aldrich) for 30 min or Desipramine (Sigma-Aldrich) for 60 min before invasion experiments. Histidine-tagged SLO (carrying a cysteine deletion which eliminates the need for thiol activation) tight membrane layer that was continuous with the plasma membrane and that stretched outwards for the full length of the parasite. In some cases, these protruding trypomastigotes also showed the presence of Lamp1 in their parasitophorous vacuole, in agreement with the early fusion of lysosomes observed during the T. cruzi entry process (Tardieux et al., 1992) . This protrusion phenomenon facilitated the detection of ceramide enrichment in parasitophorous vacuoles surrounding recently internalized trypomastigotes by allowing imaging at sites separated from the ceramide-rich intracellular environment. The frequency by which trypomastigotes protrude and stretch the host cell membrane from the inside after invasion suggests that this could be another form of parasite-induced wounding. Rupture of the plasma membrane extensions created during this process would allow Ca 2+ entry, activating plasma membrane repair and increasing host cell susceptibility to additional invasion events. Interestingly, this scenario may explain why T. cruzi infection of mammalian cells does not follow a random Poisson distribution but corresponds more closely to a negative binomial prediction (Hyde and Dvorak, 1973) . Wounding by protruding trypomastigotes may make host cells more susceptible to additional invasion events by triggering plasma membrane repair. These protruding events also offer an alternative explanation to earlier results of trypomastigotes that appeared to be enveloped by plasma membrane markers, after short periods of interaction with host cells (Woolsey et al., 2003) .
The demonstration that ASM induces formation of ceramide-enriched endocytic vesicles that can facilitate trypomastigote entry significantly advances our understanding of the molecular mechanism that renders lysosomes essential players during the invasion of host cells by T. cruzi. Our results indicate that, by wounding host cells, T. cruzi trypomastigotes trigger plasma membrane repair, lysosomal exocytosis, ASM release, and formation of ceramide-enriched endosomes that facilitate parasite entry. Importantly, our findings also suggest that the tissue tropism exhibited by T. cruzi within its vertebrate host, with the strong preference of the parasites to invade cardiomyocytes and smooth muscle, may be related to the frequency by which these cell types are injured in vivo (McNeil and Steinhardt, 2003) .
MATERIALS AND METHODS
Host cells and parasites. HeLa cells CCL-2.1 (American Type Culture Collection) were grown in DME (Sigma-Aldrich) supplemented with 10% FBS at 37°C with 5% CO 2 . Trypomastigotes from the Trypanosoma cruzi Y strain were obtained from the supernatant of infected monolayers of LLC-MK 2 cells, as previously described (Andrews et al., 1987) . Epimastigotes from T. cruzi Y strain were cultured in liver infusion tryptose medium containing 10% FBS at 28°C (Nogueira and Cohn, 1976) .
Invasion assays and quantification of parasite invasion. 1.8 × 10 5 HeLa cells/well were plated on glass coverslips placed in 35-mm wells 24 h before experiments. Trypomastigotes were washed twice with PBS and resuspended in 2% FBS-DME or 2% FBS-DME Ca 2+ free (Invitrogen) with 2 mM EGTA. Coverslips with attached HeLa cells were then incubated with 10 8 T. cruzi trypomastigotes per well (final concentration of 5 × 10 7 /ml) for the indicated periods of time at 37°C and washed five times with PBS to remove extracellular parasites. Samples were fixed for 5 min at room temperature is extracted more efficiently from trypomastigotes than host cells after Triton X-100 permeabilization. Video 1 shows exocytosis of host cell lysosomes during interaction with T. cruzi trypomastigotes. Video 2 shows that extracellular trypomastigotes cause mechanical deformations in the host cell membrane before invasion. Video 3 shows invasion and intracellular motility of T. cruzi. Video 4 shows protrusion of motile intracellular trypomastigotes from the surface of host cells. Online supplemental material is available at http:// www.jem.org/cgi/content/full/jem.20102518/DC1. was provided by R. Tweeten (University of Oklahoma, Norman, OK) and purified as described previously (Idone et al., 2008) . SLO was added to the media at indicated concentrations either before or during invasion assays. Bacillus cereus sphingomyelinase (Sigma-Aldrich) was incubated with HeLa cells at the indicated concentrations for the indicated time periods either before or during incubation with trypomastigotes (described in figure legends).
ASM transcriptional silencing and Western blots. 1.4 × 10 5 HeLa cells plated in 35-mm wells were transfected with Lipofectamine and 160 pmol of control (medium GC content, 12935300) or SMPD1 (HSS143988-(RNA)-GCCCUGCCGUCUGGCUACUCUUUGU) stealth siRNA duplexes according to the manufacturer's instruction (Invitrogen). Cells were used for invasion assays 72 h after transfection. Western blot for ASM was performed on cell lysates separated by SDS-PAGE, transferred to nitrocellulose, and incubated with affinity-purified anti-ASM rabbit antibodies (provided by Y. Hannun [Medical University of South Carolina, Charleston, SC] and prepared as previously described [Zeidan and Hannun, 2007] ).
Live cell imaging. For live time-lapse fluorescence imaging, subconfluent cells were plated on 35-mm glass-bottom dishes (Mattek) and transduced using adenovirus encoding Lamp1-RFP as described previously . 20 min after addition of trypomastigotes, dishes were transferred to an environmental chamber (Pathology Devices) at 37°C with 5% CO 2 and humidity control. Spinning disk confocal images were acquired for 13 h at 1 frame/100 s for the initial 96 min and 1 frame every 10 min for the remaining period using the UltraVIEW VoX system (PerkinElmer) attached to an inverted microscope (Eclipse Ti; Nikon) with a 60× 1.4 N.A. objective and equipped with a camera (C9100-50; Hamamatsu). Acquisition and image processing was performed using Volocity Suite (PerkinElmer).
For live time-lapse phase-contrast imaging, subconfluent cells were plated on glass-bottom dishes (Mattek) and incubated with 5 × 10 7 /ml trypomastigotes for 10 min. Cells were then washed three times with PBS before addition of fresh DME containing 20 mM Hepes at pH 7.2. Dishes were placed on a heated stage (37°C) and imaged in a 200 microscope (Axiovert; Carl Zeiss) with a 63× 1.3 N.A. objective, equipped with a Cool Snap HQ camera and MetaMorph software. Image processing was performed using Volocity Suite (PerkinElmer).
Scanning electron microscopy. Samples attached to glass coverslips were fixed at the indicated time periods in 2% glutaraldehyde, 2% paraformaldehyde, and 0.1 M Hepes, pH 7.0, for 1 h at room temperature. Samples were postfixed in 1% OsO 4 in 0.1 M Hepes, pH 7.4, for 1 h and then exposed to 1% tannic acid for another hour before dehydration in an ethanol series, critical point dried from CO 2 , and gold sputtered (Goldberg and Allen, 1992) . Images were acquired on a field emission scanning electron microscope (S-4800; Hitachi) operated at 5 kV. All reagents were obtained from Electron Microscopy Sciences.
Flow cytometry and PI staining. To determine plasma membrane integrity during trypomastigote entry and SLO incubation, assays were performed as described in the previous sections in the presence or absence of Ca 2+ , in DME containing 25 µg/ml PI (Sigma-Aldrich), and followed by microscopic quantification and epifluorescence imaging using a microscope (E200) with a 63× 1.3 N.A. objective, equipped with a camera (DS-Fi1) and Digital Sight. When specified in legends, cells were fixed with PFA and stained with 10 µM DAPI prior imaging. For flow cytometry, HeLa cells in 35-mm wells exposed to T. cruzi trypomastigotes or epimastigotes were trypsinized, fixed with PFA, and at least 10,000 cells were analyzed in a FACSCanto (BD). The data were processed using FlowJo software (version 6.3; Tree Star).
Online supplemental material. Fig. S1 shows that infective T. cruzi trypomastigotes wound host cells. Fig. S2 shows that SLO permeabilizes the plasma membrane of mammalian cells but not T. cruzi trypomastigotes. Fig. S3 shows that inhibition of lysosomal exocytosis blocks trypomastigote entry. Fig. S4 shows control assays for ceramide immunolabeling. Fig. S5 shows that ceramide
